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INTRODUCTION 


S'>.ctrcil3tic  sensitivity  tests  are  used  to  assess  the  electrostatic  j 

n i.vras  associated  with  the  processing  and  handling  of  explosives.  j 

There  is,  however . no  standard  electrostatic  test,  because  those  in  \ 

current  use  were  independently  designed  and  fab,  icated  by  government  j 

or  private  laboratories  for  internal  purposes.  Although,  in  principle,  ) 

the  tests  are  similar,  the  parameters  of  the  equipment  are  different.  j 

Consequently,  widely  varying  minimum  energy  vaiues  can  be  obtained  * 

for  the  same  explosive.  It  is  also  possible  for  the  ranking  of  the  j 

sensitivities  of  explosives  tc.  vary  with  the  same  apparatus  when  the  l 

test  parameters  or  the  rate  of  energy  delivery  are  changed  (Ref  1) . i 

Many  of  the  differences  have  been  explained  (Ref  1-3)  . It  has  been  s 

shewn  that  the  electrical  circuit,  the  electrode  configuration,  the  cathode 
properties,  and  the  nature  of  the  explosive  all  play  important  roles.  in  j ' 

a previous  study  (Ref  1,2),  the  gaseous  discharge  characteristics  of  a j 

fixed-gap  apparatus  having  paraliei-plate  electrodes  were  determined.  1 

It  was  shown  that  the  electric  discharge  through  a gas  can  exist  as  an  j 

arc  or  a spark.  It  was  also  shown  that  the  initiation  probability  and  the 
ranking  of  the  sensitivities  of  primary  explosives  vary  with  the  rate 
of  energy  delivery.  I 

i 

in  the  present  study,  the  approaching-electrode  method  was  j 

evaluated.  The  following  objectives  were  adopted: 

i 

1.  To  develop  a versatile,  approaching-electrode  apparatus  and 

test  procedure  which  is  safe,  convenient,  and  capable  of  yielding  mean-  < 

ingful  and  reproducible  results.  j 

j 

2.  To  determine  the  current  and  voltage  characteristics  of  the  ! 

gaseous  discharge  for  an  arc,  a spark,  and  an  oscillatory  discharge  ‘ 

with  the  approaching-electrode  apparatus.  \ 

3.  To  determine  the  extent  to  which  the  mode  of  discharge  affects  ~ 

the  initiation  probability  of  a primary  explosive  and  its  relative  sensitivity. 

4.  To  determine  the  effect  of  humidity,  gap  length,  and  electrode 
configuration  on  the  initiation  probability  of  primary  explosives. 


EXPERIMENTAL 


Apparatus 

The  approaching-electrode  apparatus  consisted  of  a variable  high 
voltage  power  supply,  a capacitor-charging  circuit,  an  electrostatic 
voltmeter,  an  approaching-electrode  assembly  (gap  and  electrode  con- 
figuration could  be  varied),  a high-speed  oscilloscope,  and  an  electro- 
meter, A detailed  description  of  the  apparatus  is  contained  in  Appendix  A. 

Materials 

RD1333  lead  azide:  Lot  Number  OMC  2-2 

Basic  lead  styphnate:  Lot  Number  OMC  68-14 

Tetracene:  Lot  Number  OMC  67-18 

The  explosive  powders  were  stored  in  desiccators  containing  anhy- 
drous CaS04  for  at  least  24  hours  prior  to  test.  The  firing  chamber  was 
maintained  at  35  + 3%  relative  humidity  by  continuously  passing  dry  air  j 
through  the  chamber. 

Procedure 

l 

Two  electrode  systems  were  used  to  measure  the  electrostatic  sen- 
sitivity of  the  explosives:  the  peint-to-plane  and  plane-to-plane  geometries,  j 
The  procedures  were  as  follows.  i 

Point-to-Plane  Geometry 

The  selected  capacitance  and  resistance  units  were  connected  in  the 
firing  circuit  (Fig  4) . The  base  electrode  was  adjusted  so  that  a 0. 18  mm 
(0.007")  preset  gap  would  be  obtained  when  the  approaching  electrode 
was  depressed  rapidly  by  the  spring  (Fig  5)  . The  explosive  powder, 
varying  in  weight  from  five  to  ten  milligrams  (depending  on  the  bulk  density 
of  the  explosive),  was  placed  on  the  steel  sample  holder  in  a pile  at  least 
1 mm  thick  (Fig  6) . The  sample  holder  was  then  placed  on  the  base 
electrode  with  the  powder  directly  under  the  needle.  The  spring-loaded 
approaching  electrode  was  then  cocked  and  the  power  supply  was  turned 
on  (Fig  4) . By  activating  the  reset  switch,  the  storage  capacitor  was 
charged  to  the  desired  voltage,  which  was  read  on  the  electrostatic 
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voltmeter  V.htn  ’r.t.jpi  r chin;.  e .-cc.tr  ,-v  ; ,-:v 

needier  if.'.::  ,-  " ■ . •.  : ...irci  m try  - m • ,,  a, cameo  ,:-t  ..  • 

-'t.-  vd  of  j:  51  ■ ■■  • .J  ;■  • y i >;•  r -s  ,:r:jr 

0-05  rrrr  H.0  >.3<-  r-  : ,■  m/m  k,  r.  s,-  ; / .....  ;.  7m; 

threshold  rlt.ijr  • •-  . . . make  ..n  •••  . >:  . . . ....  :- 

the  needle  end  IN.-  ires.?  :•  - - 

The  da  ,h.»rue  occ  _.r ..  '•  r I:  urn  r.ti.  . ...- 

o r no n initiation  < t \ r c > i ^ t*  v.  j ^ i - r".  ■ i 

Cr.e  to  three  t r;  . % f r-_  carried  c . r ...  ...  cn 

the  same  sample  ‘.re  numt.e>  «.f  • r . : . . , : r .-.tv  t; 

sample  initiated.  T"e  y nater’Sl  .>  s r - . . j , : , ;i,cr  ...  .v  p.a 

number  of  tests  c or  muc'.i-u  ir.  a day.  How •■-.  ,-r . .1  r.c  .v  s.  .,i  an 
sample  was  e* po-m-d  tc  ,-nch  discharge  by  i:\  •.  mg  holder  or,  :,-.j 

base  electrode.  After  - -eh  explosive  initiat.:  n,  tre  ru-v-dlo  v.as  . i-.'d.- ,, j 
and  the  sample  h*-;,.vr  < leaned  first/  with  -'-v,  and  ir  . n v ith  cOa 
emery  cloth,  and  f. Patty,  polished  wan  cr..wwi  clotn.  The  needs -a s o me 
were  Ouotone . steel . pr.  -nograph  needh-s,  1 . 5 air:  oi.„m;  ter  by  ' 3 2 -,m 
iong,  with  a 261  core  ui  and  a 0.05  <r  m ruiuj  tip.  In  v.'rt.e  «v  .** 
trials,  with  no  se» — s resistance,  a cr-nhnm;  ; nylon  v..,sl..;r  • : . . ,-  ti-jr;; 

by  19  mm  o.a.  by  3 mm  i.d.  I was.  attached  to  the  samp'  ,n  v rear 

to  reduce  dispersal  of  explosive  caused  by  N ••  uas  • » .-  ,_m  ya. 

Plane-to-Plane  Geometry 

A procedure  similar  to  the  one  used  .'or  tr.e  net.-,, lie-piano  syst  .in 
was  used  for  the  pi  me-to-nlane  Geometry  i T , • • ~)  . --m  explosive 
sample,  varying  in  . ••  .ree  t<:  e,  ,r.;  mi il inrains  ic’eprncin  y 

on  the  bulk  density  v m piosive),  way  placed  in  the  sample  hoidvr 
consisting  of  a <i.  S nr.  <.  :neter  hole  in  a dm.  ot  a 0.19  mm  thick 
polyvinyl  chioride  electrical  tape  on  a 13  m ciiar.i'ter  n/.t  steel  Ji.c 
serving  as  the  sample  hoicier.  After  heir;:  t :<  p.rd  gently  so  that  tna 
powder  completely  covered  the  bottom  and  -u  -tributod  itself  e'.-mlv 
across  tfte  hole,  the  sample  holder  was  placed  on  me  base  ekcln.de. 

The  base  electrode  v.as  so  adjusted  that  when  the  nov-m.-ie  et  .ctn.uc-  was 
completely  depressed,  the  preset  c.;ap  ui  -.t. ir.ee  w,.ul-.i  }•».*  the  thickness 
of  the  electrical  tape,  0.1?  mm,  and  the  u;  r -J  .-r.trt.de  evouid  be 
directly  above  the  explosive  powder.  An- r each  trial,  a iresh  s:::hp!-- 
was  used,  whether  or  not  initiation  had  - ccum/d . Attar  03 cn  ihiti.mon, 
the  steel  pin  was  replaced  and  the  sample  h .Icier  c 10  a nod,  first  .vitln 
No.  400.  then  with  No.  f*G0  emery  cloth,  ar.u  anally  pel  1 --.had  v/iih  crocus 
cloth.  The  pin  electrode  was  0.48  mm- in  :tar  and  14.9  rr.i.i  in  i-.--r.gth, 
with  flat  ends  having  a 0.25  mm  radius  roun/.ied  edge. 
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Minimum  Initiation  Energy  Determination 

Sensitivity  measurements  w re  carried  out  for  each  explosive  for 
the  oscillatory,  the  arc,  and  the  spark  discharge.  A 2 kilohm  (2  kft) 
or  a 100  kO  resistor  was  added  in  series  with  the  gap  to  produce  the  arc 
or  the  spark  ckscharge.  respectively.  No  resistance  was  added  for  the 
oscillatory  discharge.  The  individual  capacitors  used  had  values  of  54, 

115,  276,  636,  1 176,  2030,  3400,  4950,  and  6980  pF.  The  capacitors 
and  resistors  selected  for  voltage-capacitance  values  were  placed 
in  the  firing  circuit.  The  starting  point  was  usually  the  largest  capacitor, 
unless  a lower  value,  based  on  experience,  was  known  to  be  capable  of 
initiation.  The  energy  of  the  discharge  was  reduced  in  increments  by 
decreasing  the  initial  voltage  across  the  capacitance  until  no  initi  ition 
was  obtained  in  25  consecutive  trials.  The  voltage  was  reduced  from  7500  V 
in  500  V steps  until  the  voltage  was  2000  V.  Then,  the  voitage  was  de- 
creased in  1 50  V steps.  The  starting  voltage  was  usually  7500  V,  unless  a 
lower  value,  based  on  experience,  was  known  to  be  capable  of  initiation. 

The  resistance  and/or  capacitance  was  then  changed  and  the  procedure 
repeated.  This  was  continued  until  minimum  values  were  obtained  for  all 
the  capacitances  and  resistances. 

The  degree  of  explosive  powder  consumption  varied,  from  low  levels, 
evidenced  by  the  emission  of  a very  small  amount  of  smoke  (barely  visible) 
or  a slight  burn  mark  on  the  steel  sample  holder,  to  complete  burning  or 
detonation.  With  fine  powders  it  was  difficult  to  tell  whether  ignition  actually 
occurred,  or  whether  the  smoke  observed  was  just  finely  divided  particles 
of  the  explosive  dispersed  by  the  discharge.  The  criterion  for  ignition 
used  in  this  study  was  that  at  least  50%  of  the  explosive  had  to  be  consumed. 
However,  the  nature  of  the  explosive  reaction  was  noted  in  all  cases. 

RESULTS 

Gaseous  Discharge  Characteristics 

A series  of  experiments  was  carried  out  to  characterize  the  gaseous 
discharges  in  air  for  the  approaching-electrode  apparatus  as  a function 
of  the  capacitance  and  resistance  in  the  discharge  circuit.  These  experi- 
ments showed  that  the  characteristics  were  very  similar  to  those  observed 
for  the  fixed-gap,  parallel-plate  apparatus  (Ref  1,2). 
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Whei  ■>  ch  arged  '.aoatiio^  was  discharged  through  the  spark  gap, 
several  different  modes  of  discharge  occurred  depending  upon  the  value 
c ‘ the  f erics  resistance.  With  no  series  resistance  in  the  discharge 
c ■'•cuit,  the  current  and  voltage  of  the  gaseous  discharge  varied  in  an 
oscillriio -y  'underdamped ) manner  due  to  a 1.3  pH  inductance  inherent  in 
the  c r'  -lit.  The  current  and  voltage  were  slightly  out  of  phase,  with 
the  voltage  leading  the  current.  Addition  of  resistance  to  the  circuit 
damcud  out  the  discharge  and  resulted  in  an  overall  shortening  of  the 
discharge  time.  The  discharge  time  reached  a minimum  when  the  added 
resi«v  ,nce  resulted  in  a critically  damped  circuit.  Further  increases 
in  resistance  resulted  in  unidirectional  (overdamped)  discharges  of 
longer  duration.  With  large  series  resistances  (hundreds  of  kilohms)  the 
discharge  was  no  longer  continuous  but  took  the  form  of  bursts  of  sparks 
due  to  relaxation  osc  Nations.  Figure  1 shows  the  current  waveforms  for 
several  values  of  series  resistances  when  a 1176  pF  capacitor  charged  to 
3000  V was  discharged  to  ground  through  the  spark  discharge  circuit 
contains  j a 0.13  mm  pres**'.  gap. 

In  rid  liiion  to  c hanging  the  character  of  the  discharge,  changing  the 
snrtes  resh-'vnce  also  c',anaed  the  duration  of  the  discharge  (Fig  2)  and 
‘♦it.  change*  he  energy  it  *very  rate.  The  effective  duration  of  the* 
o*c»;  liory  (zvr.>  r tance)  discharge  was  in  the  0.1  to  1 psec  range; 
the  p'Oa1  curre  .t  was  In  the  30  to  100  A range.  With  the  use  of  a 2 kf>. 
resH-.'vr  the  effective  arc  discharge  time  was  1 to  20  psec  in  duration  and 
the  peak  currer.i  was  in  the  2 to  7 A range.  The  effective  duration  of  the 
spark  disclva.  was  hundreds  of  microseconds.  Its  peak  current  was 
only  a few  mi!Hamp  *res. 

A hire  effect  of  adding  series  resistance  was  to  change  the  fraction 
cf  ‘-he  energy  •-.♦ored  In  the  capacitor  that  was  dissipated  in  the  spark  gap. 
This  effect  is  considered  in  detail  in  another  section  of  the  report 
(Efficiency  of  Energy  Dissipated  in  the  Cap) . 

The  effect  of  increasing  the  capacitance  in  the  circuit  can  be  seen 
in  Figure  2.  An  increase  in  the  capacitance  increased  the  duration  of 
the  discharge  in  addition  to  increasing  the  energy  available  to  the 
spark. 

Caseous  discharge  was  obtained  only  intermittently  when  the  voltage 
was  decreased  below  2000  V with  the  0.18  mm  gap  or  below  4000  V with 
a 0.64  mm  gap.  Therefore,  no  tests  were  conducted  at  voltages  below 
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Fig  1 (continued) 
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(Series  resistance  includes  the  7.  5 ohm  resistance  of  the  gap.  Minimum  discharge 
time  occurred  when  the  discharge  circuit  became  critically  damped. } 


these  values.  The  shape  of  the  electrode  piays  an  important  role  in 
gaseous  discharge.  Lower  threshold  voltages  for  constant-gap-length 
breakdown  were  noted  for  gaseous  discharge  in  the  pi  .ne-piane  con- 
figuration than  in  the  needle-plane  electrode  geometry.  The  addition 
of  powder  to  the  gap  decreased  the  threshold  voltage  for  breakdown  with 
the  needle-plane  electrodes,  but  increased  it  for  the  plane-plane  electrode 
configuration.  A possible  explanation  for  this  phenomenon  is  photon 
feedback  which  was  discussed  in  detail  in  Reference  2. 

The  shape  of  the  approaching  electrode  also  affects  corona  discharge. 
With  the  charged  needle  electrode  in  the  raised  position,  22  mm  (7/8 
inch)  above  the  base  electrode,  it  was  observed  that  corona  discharge 
started  when  the  charging  vcltage  attained  7500  V.  The  charge  flowed 
through  the  gap  at  a rate  of  1 microcoulomb/ sec.  With  the  charged, 
pin-electrode,  however,  no  corona  discharge  was  observed  for  voltages 
up  to  8800  V.  the  highest  voltage  used. 

For  a better  understanding  of  electrostatic  sensitivity  data,  it  is 
important  to  recognize  that  unidirectional  discharge  can  occur  as  arcs 
or  sparks  (glow  a.scharge) . Both  modes  may  occur  in  a single  dis- 
charge, depending  primarily  on  the  resistance  in  the  discharge  circuit 
and  to  a lesser  extent  on  the  initial  voltage.  An  arc  is  a post-breakdown 
discharge  in  which  thermionic  emission  from  the  cathode  is  responsible 
for  sustaining  the  discharge.  The  most  characteristic  features  of  an  arc 
are  the  low  post-breakdown  voltage  drop  across  the  gap.  which  is 
usually  of  the  order  of  tens  of  volts  (30-125  V) , and  the  high  current 
flow,  larger  than  0.3  - 0.5  A.  An  arc  may  be  formed  for  series  re- 
sistances as  large  as  10-20  kilohms,  and  for  gaps  as  large  as  1 .3  mm 
(0.050  in.)  A spark  discharge,  on  the  other  hand,  is  a post-breakdown 
regime  in  which  the  discharge  is  maintained  by  secondary  emirsion  of 
electrons  from  the  cathode  by  ion- bombardment.  The  voltage  drop  across 
1 the  spark  is  typically  300-400  V and  the  current  is  in  the  milliampere  range. 
1 Representative  current  and  voltage  waveforms  for  an  arc  and  a spark  are 
( shown  in  Figure  3 for  resistances  of  2,  10,  and  100  kilohms.  Figure  3A 
represents  an  arc  discharge.  The  voltage  across  the  gap,  which  was 
.initially  sufficiently  high  to  break  down  the  gap  (greater  than  1400  V) , 
rapidly  decreased  to  the  low  post-breakdown  voltage  of  approximately 
35-125  V (seen  as  level  a in  Figure  3A)  and  remained  at  this  low  voltage 
until  the  discharge  ceased.  The  voltage  across  the  gap  then  increased  to 
tne  o|>en  circuit  voltage  due  to  the  residual  charge  on  the  storage  capacitor 
(level  b) , since  there  was  no  longer  a voltage  drop  across  the  series 
resistor.  The  current  (dashed  line)  decreased  as  the  storage  capacitor 


discharged  in  a conventional  capacitor  discharge  pattern  from  several 
amperes  to  below  a n 'nimum  sustaining  value  (point  c) , at  which  time 
the  discharge  ceased . ^ 

With  the  100-kilohm  resistor  (Fig  3C),  a spark  discharge  was 
obtained.  The  parameters  are  the  same  as  for  Figure  3A  except  for  the 
higher  series  resistor.  The  behavior  is  similar  to  that  of  the  arc  (Fig 
3A)  except  that  the  post-breakdown  voltage  was  higher,  approximately 
300-450  V,  and  the  peak  current  was  lower,  about  30  milliamperes.  For 
an  intermediate  resistance  (10-kilohms)  (Fig  3B),  the  waveforms  show 
that  there  was  a transition  during  the  discharge  from  an  arc  to  a spark. 
The  gap  voltage  during  the  discharge  jumped  abruptly  from  100  V (arc) 
to  350  V (spark)  with  a change  in  the  slope  of  the  current  waveform.  In 
the  transition  range  the  nature  of  the  discharge  can  be  different  for  re- 
petitive tests.  No  changes  were  observed  in  the  current  and  voltage 
waveforms  when  aluminum,  brass,  or  stainless  steel  electrodes  were 
substituted  for  the  steel  base  (negative)  electrode. 

Reproducibility 

Three  series  of  tests  we^e  carried  out  with  RD1333  lead  azide  to 
determine  the  reproducibility  of  the  approaching-electrode  apparatus. 
Two  of  the  tests  were  for  the  needle-plane  electrodes,  and  one  was  for 
the  plane-plane  electrodes.  The  results,  summarized  in  Table  1,  show 
excellent  reproducibility.  The  reproducibility  tests  were  conducted 
for  the  minimum  firing  point.  The  first  and  third  tests  were  for  an 
oscillatory  discharge  (C  = 1176  pF,  R = 0) , while  the  second  test  was  for 
a spark  (C  = 624  pF,  R = 100  kfi) . Twenty-five  trials  were  carried  out 
at  each  test  level  and  this  is  probably  the  source  of  the  excellent  statisti- 
cal reproducibility  of  the  tests.  In  addition,  the  humidity  was  kept 
constant  and  a minimum  sample  height  of  0.18  mm  was  maintained  to 
insure  that  the  discharge  occurred  entirely  within  the  sample.  The 
effects  of  humidity  and  gap  length  are  discussed  in  another  section  of 
the  report. 

Efficiency  of  Energy  Dissipated  in  the  Gap 

The  fraction  of  the  total  stored  energy  that  was  dissipated  in  .he  gap 
varied  with  the  circuit  parameters.  There  was  a marked  difference 
(400-500%)  in  the  post-breakdown  voltage  drop  across  the  g~p  of  the 
arc  and  of  the  spark,  whereas  the  differential  of  the  charge  (total 
current)  flowing  in  an  arc  vs  a spark  was  only  about  10%. 
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Table  1 


Reproducibility  of  determinations  using  RD1333  lead  azide 
(Minimum  fire  point) 


Needle-plane  Two  experiments,  two  months  apart  (oscillatory 

discharge;  series  resistance  = 0;  storage  capacitance 
= 1176  pF) 


First  experiment:  45,000  ergs  (45,000  x 10'T  J) 

Second  experiment:  45, 000  ergs 


Needle-plane  Four  experiments,  two  weeks  between  the  first  and 

second,  one  day  between  second  and  third,  and  eight 
months  between  the  third  and  fourth  (Spark  dis- 
charge: series  resistance  = 100  Ml;  storage 
capacitance  = 624  pF) 


First  experiment: 
Second  experiment: 
Third  experiment: 
Fourth  experiment: 


7,300  ergs* 

5.800  ergs 

5.800  ergs 
5,800  ergs 


Plane-plane  Two  experiments,  three  weeks  apart  (oscillatory 
discharge;  series  resistance  = 0;  storage 
--anacitance  = 1176  pF) 


First  experiment:  45,000  ergs 

Second  experiment:  45,000  ergs 

NOTE:  Twenty-five  trials  were  carried  out  at  each  test  level. 


* 

k 


* 

£ 

8 


% 


*The  minimum  energy  determined  in  the  first  experiment  was  one  step 
(500  V)  higher  than  that  of  the  other  three  experiments. 
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1 A/div. 


(C)  R - 100  KILCiLMS 


Dashed  Line:  Current  vs.  Tina 

Solid  Line:  Voltage  vs.  Tine 

Fig  3 Representative  urrent  - voltage  wav* 


The  energy  dissipated  in  the  gap  may  be  written. 


gap 


= / Vg(t)lg(t)dt 


(1) 


where 


Vg  (t)  = instantaneous  gap  voltage 
lg(t)  = instantaneous  gap  current 

The  voltage  waveforms  (Pig  3)  show  that  the  voltage  drop  for  either 
an  arc  or  a spark  is  approximately  constant.  Thus,  Equation  1 may  be 
rewritten. 


EgaP  = V'9dt 

= VgQg 


(2) 


where  Qg  is  the  total  charge  passing  through  the  gap.  The  total  charge 
in  microcoulombs  (pC)  was  determined  by  measuring  the  final  voltage, 
V.  across  a one  microfarad  capacitor,  C.  in  series  with  the  gap. 


Qg=CV 

The  total  energy  available  in  the  storage  capacitor,  is. 

Ecap  * 1/2  covo 

where 


(3) 


(4) 


CQ  = capacitance  of  the  storage  capacitor 

VQ  = voltage  to  which  the  capacitor  is  initially  charged 

The  efficiency  is  the  fraction  of  the  total  energy  in  the  storage  capacitor 
which  is  dissipated  in  the  gap  containing  the  sample;  thus. 


E 2Q  V 

..flaP  - — £U3- 

E CnV* 

cap 


-ov0 


(5) 
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For  an  arc  discharge  (series  resistance  = 2 kfl),  the  efficiency  de- 
creased from  6 to  3%  as  the  storage  capacitance  was  decreased  from  2000 
to  276  pF.  Keeping  the  storage  capacitance  constant,  the  efficiency 
remained  practically  constant  as  the  charging  voltage  was  decreased 
from  4500  to  2000  V.  For  a spark  discharge  (series  resistance  = 100  k£l) . 
on  the  other  hand,  the  efficiency  remained  practically  constant  at  each 
voltage  level  as  the  storage  capacitance  was  decreased  from  2000  to  624  pF. 

For  each  capacitance,  however,  the  efficiency  decreased  from  22  to  16% 
as  the  charging  voltage  was  increased  from  2000  to  45000  V.  For  an 
oscillatory  discharge  (no  added  series  resistance),  it  was  estimated  that 
90%  of  the  stored  energy  was  dissipated  in  the  gap. 

Initiation  Energy  Values 

The  minimum  initiation  energy  values  for  basic  lead  styphnate, 

RD1333  lead  azide  and  tetracene  were  determined  for  an  oscillatory, 
an  arc,  and  a spark  discharge  by  means  of  both  the  approaching-needle 
and  the  approaching-plane  electrodes.  The  results  are  shown  in 
Table  2.  The  50%  initiation  energy  values  for  a spark  discharge  (needle) 
are  also  listed  in  Table  2.  Lead  styphnate  is  the  most  sensitive  explosive 
and  tetracene  is  the  least  in  this  test.  The  minimum  energy  required  to 

initiate  lead  styphnate  was  only  about  one-twentieth  or  one-hundredth  j 

of  that  needed  for  lead  azide  or  tetracene,  respectively,  under  the  * ] 

particular  test  conditions.  The  50%  values  indicated  a similar  trend;  ! 

one-third  or  one-ninth  for  each  of  the  two  explosives,  respectively.  The 
minimum  values  obtained  for  lead  styphnate  may  also  have  been  limited 
by  the  lowest  capacitance  of  the  apparatus  (54  pF)  and  the  threshold 
voltage  for  gap  breakdown.  It  is  noted  that  lower  initiation  energy  values 
were  obtained  in  the  spark  mode  than  in  the  oscillatory  or  arc  modes. 

j 

In  a previous  study  using  a fixed-gap,  parallel-plate  apparatus  (Ref  1) , j 

it  was  shown  that  the  ranking  of  the  initiation  of  three  primary  explosives  ] 

varies  for  the  three  different  discharge  modes.  However,  no  variation  in  ‘ 

initiation  ranking  was  observed  as  function  of  discharge  mode  using  the  j 

approaching-needle  apparatus.  The  data  (Table  2)  show  that  the  fixed-  ! 

gap,  parallel-plate  apparatus  yielded  lower  initiation  energy  values  for 
RD1333  lead  azide  and  tetracene  but  higher  values  for  basic  lead  styphnate 
than  with  the  approaching-electrode  apparatus.  Two  opposing  trends  can 
be  used  to  propose  an  explanation  of  the  foregoing  results.  The  initiation 
energy  values  may  have  been  lower  for  the  fixed-gap,  parallel-plate 

, 


i 


i 


15 


l 


electrodes  because  that  configuration  confined  the  powder  more  than 
did  the  needle-plane  geometry  and  permitted  more  efficient  "coupling" 
between  the  discharge  and  the  powder.  Also,  the  higher  lead  styphnate 
values  recorded  with  the  fixed-gap  apparatus  may  have  been  due  to 
the  fact  that  the  minimum  initiation  energy  was  not  actually  reached  with 
lead  styphnate.  The  lowest  initiation  energy  values  attainable  with  the 
fixed-gap  apparatus  were  limited  by  the  threshold  voltage  needed  to  break 
down  the  gap  to  produce  a discharge  and  the  lowest  capacitance  of  the 
apparatus,  250  pF.  'The-  approaching-electrode  apparatus  had  a 
minimum  capacitance  of  54  pF.)  The  threshold  voltage  for  gap  break- 
down depends  upon  the  electrode  shapes  and  materials,  the  gaseous 
medium,  the  separation  of  the  electrodes  and,  to  a lesser  degree,  the 
external  circuit  parameters. 

Although  the  initiation  probabilities  of  the  explosives  were  greater 
for  a spark  than  an  arc,  much  faster  initiation  times  were  observed  for 
the  arc  discharges,  approximately  1 psec  compared  to  about  150  psec 
for  a spark.  The  faster  initiation  times  can,  most  likely,  be  attributed 
to  the  higher  temperature  of  the  arc . 

To  demonstrate  that  the  apparatus  can  be  used  to  distinguish 
between  primary,  booster,  and  main-charge  explosives,  a wide  variety 
of  explosives  were  tested  at  an  energy  of  0.02  J.  which  is  the  charge 
energy  that  an  ungrounded  person  can  accumulate  {Ref  4,5);  however 
(Ref  6) . this  is  about  five  times  the  maximum  energy  that  an  under- 
grounded  person  could  discharge.  Those  explosives  which  are  ignited 
at  the  0.02-J  level  are  in  the  primary  explosive  category.  Thus,  basic 
lead  styphnate.  RD1333  lead  azide,  dextrinated  lead  azide  and  letracene 
all  ignited.  But,  as  expected,  tetryl.  PETN.  superfine  PETN , RDX,  HMX. 
TNT,  and  Composition  B did  not  ignite.  Considerably  greater  energy 
(0.1  J)  is  required  to  initiate  a booster  explosive  such  as  PETN . There 
is  no  electrostatic  distinction  between  booster  and  main-charge  explosives. 
Thus,  primary  explosives  are  easily  differentiated  from  booster  and 
main-charge  explosives. 
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Effect  of  Humidity  and  Electrode  Configuration  on  Initiation  Probability 
Humidity 

It  was  demonstrated  that  lower  initiation-energy  values  are 
obtained  with  the  approaching-needle  apparatus  for  dry  powders  tested 
at  35  + 3%  relative  humidity  than  for  powders  maintained  and  tested  at 
60  + 5%.  For  example,  the  50%  initiation  value  for  dry  RD1333  lead  azide 
for  a spark  discharge  increased  from  28, 000  to  40.000  x 10"7  J for  the 
higher  humidity  conditions. 

Electrode  Configuration 

It  was  also  found  that  similar  50%  initiation  values  were  obtained 
for  a 0.18  and  for  a 0 63  mm  preset  gap  if  the  spark  occurred  in  the 
explosive  powder.  However,  higher  values  of  spark  energies  were 
obtained  for  both  the  0.18  and  0.63  mm  gaps  if  the  spark  started  above 
(out  of)  the  explosive  powder  instead  of  occurring  entirely  within  the 
powder  (Table  3) . It  appears,  therefore,  that  a maximum  preset  gap 
lengt)  and  a minimum  sample  height  have  to  be  specified  to  insure  that 
the  discharge  occurs  entirely  within  the  sample.  Otherwise  a variable 
portion  of  the  gap  energy  would  be  lost  and  higher  minimum  energy 
values  would  be  recorded.  With  the  approaching-plar...-  apparatus,  it  is 
not  possible  for  the  discharge  to  occur  entirely  within  the  sample  since 
the  pin  does  not  penetrate  the  powder. 

It  was  observed  during  the  study  with  the  approaching-pin 
apparatus  that  the  explosive  powder  was  more  readily  initiated  if  the 
same  powder  was  subjected  to  a second  trial . For  example,  although  no 
initiation  occurred  in  lead  azide  in  25  trials  with  fresh  samples  each 
time  at  47,000  x 1CT7  J (oscillatory  discharge;  R = 0,  1176  pF  capacitor 
charged  to  3000  V),  the  explosive  usually  detonated  at  47,000  x 10~7  J 
if  the  same  sample  was  subjected  to  another  trial.  To  determine  whether 
the  increased  sensitivity  of  lead  azide  was  due  to  the  initial  electric 
field  exposure  or  the  initial  impact  or  compaction  of  the  powder,  another 
series  of  tests  were  conducted.  In  these  tests,  each  lead  azide  sample 
was  subjected  to  two  trials.  In  the  first  trial,  no  voltage  was  applied 
to  the  approaching  pin  and  the  pin  only  flattened  the  powder.  In  the 
second  trial,  voltage  was  applied  (the  energy  was  kept  at  47,000  x 10'7 
J)  and  the  lead  azide  sample  usually  detonated.  It  was  determined  that 
lead  azide  would  detonate  at  an  energy  as  low  as  21,000  x 10'7  J 
(oscillatory  discharge;  R = 0,  1 176  pF  capacitor  charged  fo  2, 000  V) , 
if  the  sample  was  first  compacted  with  the  movable  electrode. 
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Table  3 


Effect  of  spark  starting  position  on  results  for  RD1333  lead  azide 

(R  = 100  :<n. 

C = 1176  pF) 

Spark  starting 
position  with 

Base  electrode 

Preset  gap 

respect  to 

Energy 

material 

(mm) 

sample 

(J  x 10*3  ) 

Steel 

0.18 

External 

3.4 

Steel 

0.18 

Within 

2.8 

Steel 

0.63 

External 

3.6 

Steel 

0.63 

Within 

2.6 

Stainless  steel 

0.18 

External 

4.2 

Stainless  steel 

0.18 

Within 

3.3 

18 
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DISCUSSION 


Effect  of  Energy  Delivery  Rate  on  Initiation  Probability 

The  experimental  data  show  that  the  energy  required  in  the  gap  to 
ignite  the  three  primary  explosives  by  gaseous  discharge  was  a strong 
function  of  energy  delivery  rate.  For  example,  the  minimum  initiation- 
energy  values  were  considerably  less  in  the  spark  mode  than  in  the 
oscillatory  or  arc  modes.  In  a previous  study  (Ref  1)  using  a fixed-gap, 
parallel- plate  apparatus,  which  confined  the  powder  and  prevented  it 
from  blowing  away,  it  was  also  shown  that  long  duration  discharges 
were  more  efficient  in  producing  initiation  than  short  duration  dis- 
charges of  equal  energy  and  that  the  energy  required  for  ignition  was 
markedly  dependent  upon  the  energy  delivery  rate.  Priede  (Ref  7) 
demonstrated  that  when  a 50  kfi  series  resistance  was  added  to  the 
capacitive  discharge  circuit,  the  minimum  ignition  energy  for  a 
hydrogen-air  mixture  was  reduced  to  half  that  determined  for  the  circuit 
without  the  resistance.  Boyle  and  Llewellyn  (Ref  8)  were  able  to  ignite 
dust  clouds  of  magnesium  or  aluminum  with  less  energy  by  a factor  of 
ten  when  a series  resistance  of  10  to  100  kft  was  placed  in  the  discharge 
circuit. 

! 

The  initiation  probability  of  individual  explosives  depends  on 
transfer  of  energy  from  an  external  stimulus  to  the  explosive  sample. 

It  is  possible  that  the  lower  initiation  probability  of  oscillatory  and  of 
arc  discharges  (short  duration  discharges)  is  due  to  a combination  of 
factors  i ather  than  to  any  single  one.  The  energy  delivery  rate  de- 
pendency, however,  suggests  a time-dependent  process,  in  which  a 
minimum  discharge  (heat  source)  is  maintained  long  enough  to  give 
rise  to  a propagating  self-supporting  hot-spot  in  the  explosive  crystal. 

Improved  Apparatus  for  Assessing  Electrostatic  Hazards 

There  is  a need  for  a single,  standardized  electrostatic  sensitivity 
test  apparatus  and  procedure  for  characterizing  explosives.  A well 
designed  apparatus  should  be  able  to  (1)  distinguish  between  primary, 
booster,  or  main-charge  explosives,  and  (2)  rank  the  sensitivities  of 
explosives.  The  apparatus  should  be  simple,  safe,  and  capable  of 
yielding  meaningful  and  reproducible  results.  The  approaching-needle 
apparatus  used  in  the  present  study  meets  the  above  requirements  and 
is  proposed  for  adoption  as  a standard  test.  A detailed  operating  pro- 
cedure and  a description  of  the  apparatus  are  given  in  the  Appendix. 
Adoption  of  the  apparatus  and  procedure  should  yield  a proper  assess- 
ment of  the  electrostatic  hazards  associated  with  the  processing  and 
handling  of  explosives. 
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Many  different  electrostatic  sensitivity  test  apparatuses  have  been 
used  in  an  attempt  to  determine  the  relative  sensitivity  of  explosives. 
Although  modifications  have  been  made  to  reduce  their  shortcomings, 
the  tests  in  current  use  are  still  crude.  In  particular,  of  the  many 
variables  that  need  to  be  specified,  the  existing  devices  indicate  only 
the  total  energy  available  in  the  storage  capacitor.  With  the  aid  of  the 
information  provided  in  this  report  on  the  effect  of  different  variables 
on  the  probability  of  initiation,  refinements  were  made  to  the  existing 
techniques  so  that  the  test  would  give  a better  evaluation  of  electro- 
static hazards.  The  proposed  apparatus  is  simple,  safe,  and  capable 
of  yielding  meaningful  and  reproducible  results.  It  is  able  to  rank  the 
sensitivity  of  explosives  as  well  as  to  distinguish  between  primary, 
booster,  and  main-charge  explosives.  It  avoids  the  arc  discharge 
and  the  discontinuous  discharge  regions  (see  "Caseous  Discharge 
Characteristics"  in  the  Results  section  of  this  report) . To  obtain  an 
unambiguous  measure  of  the  relative  sensitivity  to  the  spark  mode  with 
voltages  in  the  1-5  kV  range,  the  series  resistance  is  in  the  100  kfl 
range,  which  limits  peak  spark  current  to  less  than  0.1  A.  A special 
sample  holder  was  designed  which  will  allow  the  reproducible  detection 
of  a limited  amount  of  reaction  in  the  sample.  At  present,  for  booster 
and  main-charge  explosives,  it  is  difficult  to  determine  whether  ignition 
actually  occurred,  or  whether  the  smoke  observed  was  just  finely 
divided  particles  of  the  explosive  dispersed  by  the  discharge.  The 
sample  holder  confines  the  explosive  for  a time  long  enough  to  a'low  a 
self-sustaining  reaction  to  get  underway.  Preliminary  tests  show  that 
a satisfactory  sample  holder  could  consist  of  a 0.9  - 1 .6  mm  thick  nylon 
or  polyethylene  washer  (4.8  mm  i.d.)  fastened  (or  taped  with  double 
adhesive  tape)  to  the  top  of  the  19  mm  diameter  flat  steel  disc  used  in 
the  present  study,  leaving  a space  4.8  mm  by  0.9  - 1.6  mm  high  to 
contain  the  explosive.  Electrical  insulating  tape  (0.19  mm  thick)  placed 
over  the  opening  provides  adequate  confinement.  In  using  the  sample 
holder,  the  steel  needle  punctures  the  tape  and  a discharge  occurs 
through  the  interstices  of  the  powder.  A reaction  is  indicated  by  a 
severed  tape,  whereas  no  reaction  is  evidenced  by  a punctured  but 
otherwise  intact  tape. 

At  present,  there  are  three  different  electrostatic  sensitivity 
apparatuses  recommended  in  the  Tri-Service  Manual  (Ref  9)  for  use 
in  qualifying  primary,  booster,  and  main-charge  explosives.  The 
apparatus  for  qualifying  primary  explosives  is  the  Naval  Surface 
Weapons  Center's  approaching-needle  apparatus  (Ref  10,11)  designed 
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and  built  by  Wyatt  more  than  1 5 years  ago.  Although  it  was  a good 
apparatus  for  the  time,  it  lacks  many  required  features;  for  example, 
a fine  adjustment  control  is  needed  for  setting  the  gap.  There  is,  in 
fact,  no  preset  gap  requirement  in  the  Navy  test  procedure.  The 
approaching  needle  is  allowed  to  come  into  contact  with  the  base  electrode. 
Consequently,  it  is  not  always  known  whether  the  initiation  is  due  to 
discharge  in  air  or  to  metal  contact.  Since  a knowledge  cf  the  type  of 
initiation  is  very  useful,  a test  with  a preset  gap  of  0.075  to  0.25  mm 
should  be  included  in  the  procedure. 

Two  types  of  cathode  materials  are  us,ed  in  the  W'yatt's  apparatus: 
either  a steel  cathode  or  a rubber  conducting  cathode.  The  steel  cathode 
is  used  to  determine  the  sensitivity  of  the  explosive  to  oscillatory  dis- 
charge or  to  contact  discharge.  The  conducting  rubber  cathode  is  used 
to  determine  the  sensitivity  to  spark  discharge,  since  the  rubber 
interposes  a large  resistance  (100  kC)  in  series  with  the  gap. 

There  are  several  practical  problems  with  the  conducting  rubber 
material.  The  material  is  not  commonly  available  and  is  only  vaguely 
specified.  Conducting  rubber  materials  may  be  nonuniform  over  small 
areas  and  their  resistance  changes  with  time.  Consequently,  it  is 
possible  that  the  resistance  of  small  conducting  rubber  cathode  electrodes 
could  vary  quite  markedly  from  test  to  test.  In  addition,  the  rubber  will 
burn  from  the  high  energy  required  when  testing  insensitive  explosives, 
thus  making  it  difficult  to  distinguish  between  smoke  from  the  explosive 
and  smoke  from  the  rubber  burning.  Although  Wyatt's  apparatus  is  used 
for  primary  explosives,  the  procedure  requires  the  explosives  to  be 
tested  at  extremely  high  energies  (Table  4)  . Three  of  the  four  storage 
capacitors  deliver  energies  which  are  much  greater  ihan  those  required 
for  main-charge  explosives. 

The  electrostatic  qualification  test  apparatus  for  booster  explosives 
is  the  Naval  Surface  Weapons  Center's  fixed-gap,  needle-plane  apparatus 
(Ref  9,12) . It  is  used  to  distinguish  between  primary  and  booster 
explosives.  The  stored  energy  is  0.5  J but  the  energy  delivered  to  the 
gap  is  unknown.  The  apparatus  was  developed  to  determine  the  relative 
sensitivity  of  explosives,  but  it  may  actually  measure  apparent  sensitivity 
due  to  the  large  capacitor  (0.01  mfd)  charged  to  a high  voltage  (10  kV) 
and  the  large  fixed  gap  (1.3  mm) . Also,  according  to  the  procedure,  if 
a gaseous  discharge  did  not  occur  with  an  explosive  sample  at  the  1 .3  mm 
gap,  the  upper  electrode  was  lowered  in  0.13  mm  steps  until  a discharge 
occurred.  No  distinction  is  made  between  the  explosives  which  allow  a 
gaseous  discharge  to  occur  at  the  1 .3  mm  gap  and  those  which  require  the 
gap  to  be  reduced. 
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NOS  is  the  Naval  Ordnance  Station 


The  acceptance  test  for  main-charge  explosives  is  being  carried 
cut  using  the  approaching -needle  apparatus  of  either  the  Naval  Weapons 
Center  or  the  Naval  Ordnance  Station,  Indian  Head.  The  test  at  the 
Naval  Weapons  Center  is  a pass-fail  test  to  distinguish  between  main- 
charge  and  primary  explosives,  i.e. , explosives  which  do  not  fire  at  a 
stored  energy  level  less  than  0.25  J (0.02  mfd  capacitor  charged  to 
5 kV) . The  test  at  the  Naval  Ordnance  Station  requires  a sequence  of 
trials  from  6.25  to  0.0001  J (Table  4). 

Thus,  the  test  described  herein  is  strongly  recommended  as  a 
preferred  test  for  the  measurement  of  electrostatic  sensitivity. 

CONCLUSIONS 

1 . The  improved,  approaching-needle  apparatus  used  in  the  pre- 
sent study  satisfies  the  need  for  a single,  standardized,  electrostatic- 
sensitivity  test  apparatus  and  procedure  for  characterizing  explosives. 

It  is  simple,  safe,  and  capable  of  yielding  meaningful  and  reproducible 
results.  In  particular,  it  distinguishes  between  primary,  booster,  or 
main-charge  explosives,  as  well  as  ranks  the  electrostatic-sensitivity 
of  an  explosive  within  these  categor.es. 

2.  The  gaseous  discharge  characteristics  of  an  approaching- 
electrode  apparatus  are  very  similar  to  those  observed  for  the  fixed-gap, 
parallel-plate  apparatus. 

3.  The  fraction  of  the  total  stored  energy  that  was  dissipated  in  the 
gap  varies  with  the  circuit  parameters,  3 to  6%  for  arc  discharge  *>nd 

15  to  25%  for  spark  discharge. 

4.  Higher  initiation  energy  results  are  obtained  under  humid  con- 
ditions or  if  the  discharge  does  not  occur  entirely  within  the  sample. 

5.  With  an  approaching-electrode  apparatus,  the  energy  of  \ 
initiation  of  the  three  primary  explosives  as  determined  by  gaseous 
discharge  is  a strong  function  of  the  energy  delivery  rate.  The  r^inimum 
initiation  energy  results  are  considerably  less  in  the  spark  mode  than  in 
either  the  oscillatory  or  the  arc  modes. 

6.  With  the  approaching-electrode  apparatus,  the  three  primary 
explosives  tested  did  not  vary  in  rank  with  mode  of  discharge  fourid 
previously  for  the  fixed-gap,  parallel-plate  apparatus.  Basic  lead 
styphnate  was  much  more  sensitive  than  RD1333  lead  azide  or  tetracene 
in  all  three  discharge  modes.  Tetracene  was  the  least  sensitive.  1 
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7.  Compacted  explosive  powder  (low  density)  may  be  more  sen- 
sitive (electrostatically)  than  (cose  powder  (see  "Effect  of  Electrode 
Configuration  cn  Initiation  Probability")  . 
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The  approaching-electrode  apparatus  consisted  of  a charging  circuit, 
an  approaching-electrode  assembly,  and  a recording  system. 

Charging  Circui. 

High  voltage  was  provided  by  a Beckman  variable  0 to  25  kilovolt 
power  supply.  The  voltage  was  measured  with  a model  ESD  Sensitive 
Research  electrostatic  voltmeter,  ranges:  0 to  2000  V,  1500  to  5000  V, 
and  2000  to  10,000  V.  Low  inductance,  high  voltage,  ceramic-cased, 
extended-foil  capacitors  (PK  series)  from  Del  Electronics  Corporation 
were  used  as  the  energy-storage-discharge  capacitors.  The  circuit  was 
designed  so  that  the  appropriate  capacitance,  from  54  to  50,000  pF. 
could  be  manually  connected  in  the  circuit,  as  either  a single  capacitor  or 
a group  of  capacitors  in  parallel,  by  double-pronged  bridge  plugs  with 
nonconductive  plastic  handles.  The  capacitance  of  the  storage  capacitors 
and  the  stray  capacitance  of  the  electrical  leads  in  parallel  with  the 
storage  capacitor  were  measured  in  situ  in  the  circuit  using  a General 
Radio  Company  Type  1656  Impedance  Bridge.  The  sb-ay  inductance 
responsible  for  the  oscillatory  discharge  was  calculated  from  the  decay 
of  the  current  trace  as  a function  of  time  by  means  of  the  following  formula: 


where  L is  the  inductance  in  henries,  C is  the  capacitance  in  farads,  and 
t!  and  t2  are  the  times  in  seconds  for  the  values  of  two  consecutive  peak 
currents,  lj  and  l2 . The  stray  inductance  of  the  experimental  apparatus 
was  approximately  1 .3  microhenries.  The  resistance  of  the  gap  is  de- 
pendent upon  the  gap  length.  The  resistance  of  the  discharge  circuit 
with  a 0 . 18  mm  gap  was  calculated  from  the  decay  of  the  current  trace 
as  a function  of  time  by  means  of  the  following  formula: 


where  R is  the  resistance  in  ohms.  The  calculated  resistance  of  the 


experimental  apparatus  with  a 0.18  mm  gap  was  approximately  7.5  ohms. 
The  capacitor  output  is  connected  to  the  approaching-electrode  assembly. 
A current-limiting  resistor  may  be  placed  between  the  charged  capacitor 
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and  the  electrode  assembly.  High  voltage  carbon  film  resistors 
(Resistance  Products  Company)  were  used  as  the  current-limiting 
resistors.  A schematic  of  the  charging  circuit  is  shown  in  Figure  4. 

Approaching- Electrode  Assembly 

The  approaching-electrode  assembly  (Fig  5)  was  a spring-operated 
device  in  which  the  roper  electrode  was  rapidly  lowered  to  a preset  dis- 
tance above  the  base  electrode  and  immediately  raised  again  to  its  initial 
position.  Adjustments  in  the  gap  length  were  made  by  raising  or  lowering 
the  flat,  lower  (base)  electrode  by  means  of  a micrometer,  which  was 
connected  to  the  lower  electrode  and  was  located  outside  the  firing 
chamber.  The  approaching-electrode  assembly  could  be  used  in  t.e 
conventional  point-to-point  configuration  (Fig  6)  or  a plane-plane 
geometry  (Fig  7) . This  was  accomplished  by  attaching  to  the  vert'  al, 
actuating  rod  of  the  approaching  assembly  either  a phonograph  needle 
holder  with  a removable  steel  phonograph  needle  (Fig  8)  or  a pin  holder 
with  a removable  steel  pin.  j 

A schematic  diagram  showing  the  principle  of  operation  of  the 
approaching-electrode  assembly  is  given  in  Figure  9.  Either  a needle 
electrode  or  a plane-pin  electrode  MA“  was  mounted  on  a vertical  actu- 
ating rod  rB",  which  was  free  to  slide  through  the  guide. housing  "C" . 
Handle  "D"  was  connected  to  the  toggle  level  assembly  "E"  and  the 
spring  "F".  The  spring  was  attached  to  a wall  hook  "C"  .i  When  the 
handle  was  pulled  to  the  left  position  (cocked  position) , the  toggle 
level  assembly  raised  the  vertical  actuating  rod  and  engaged  the  release 
rod  "H".  The  spring  was  under  maximum  tension  at  this  point.  When 
the  release  rod  was  pulled,  the  spring  contracted,  thereby  rapidly 
lowering  the  vertical  actuating  rod  to  its  lowest  position  and  immediately 
raising  it  again  to  its  initial  position.  Handle  "D"  must  be  pulled  to  the 
left  again  to  cock  the  device  for  another  trial . 

The  high-voltage  power  supply  was  disconnected  from  the  dis- 
charge circuit  during  the  gap-closing  operation  (Fig  4) . In  the  raised 
position,  the  storage  capacitor  was  connected  to  the  high-voltage  source. 
As  soon  as  the  approaching  electrode  started  to  move  dev.. i ward,  the 
high  voltage  contact  was  broken,  thus  disconnecting  the  high  side  of  the 
capacitor  from  the  charging  source  during  discharge.  For  safety,  a high- 
voltage,  double-pole,  double-throw  pressurized  relay  (switch)  was 
included  to  prevent  the  capacitor  from  being  recharged  in  the  raised 
position  until  the  reset  button  was  pushed.  The  relay  also  discharged  to 
ground  any  residual  voltage  remaining  in  the  discharge  circuit  3fter 
the  discharge  operation  was  completed. 
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Fig  4 Charging  circuit 


Fig  5 Approaching-electrode  ass#  ->bly 
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Fig  6 Needle-plane  electrode  assembly 


The  upper  portion  of  the  base,  or  lower  electrode,  served  as  the 
explosive  sample  holder . It  was  a detachable,  solid  cylinder  of  hardened 
steel,  19  mm  diameter  by  9.5  mm  long.  Wnen  the  approaching  electrode 
was  a steel  pin  (plane-plane  geometry)  a layer  of  0.19  mm  thick  electrical 
tape  with  a 4.8  mm  diameter  hole  for  the  explosive  was  taped  to  the  top 
surface  of  the  steel  cylinder.  The  removable  steel  pin  had  a 4.8  mm 
diameter,  14.9  mm  length  and  rounded  edges  on  the  flat  ends.  The 
explosive  powder  was  semiconfined  between  the  plane  pin  and  the 
sample  holder.  The  desired  gap  between  the  upper  electrode  and  the 
sample  holder  was  set  and  maintained  by  a micrometer,  the  latter  was 
connected  to  the  base  electrode  and  was  located  outside  the  firing  chamber. 
This  gap  length  was  accomplished  in  the  dynamic  mode  since  the  gap 
length  setting  varies  depending  on  whether  the  upper  electrode  is  de- 
pressed dynamically  or  remains  stationary.  The  gap  was  set  by  first 
adjusting  the  micrometer  until  the  electrodes  just  touched  in  the  dynamic 
mode.  A peak-reading  voltmeter  and  a 6 V battery  were  connected  be- 
tween the  two  electrodes  to  aid  in  this  determination.  The  base  electrode 
was  then  lowered  the  desired  length,  usually  0.18  mm. 

The  firing  chamber  (29.2  cm  cube)  was  made  of  1 .27-cm  thick, 
clear  polymethyl  methacrylate  (PMMA)  and  sized  to  fit  into  an  available 
humidity  control  box  for  future  controlled  humidity  experiments.  To 
reduce  charge  build-up  on  the  PMMA,  the  plastic  was  coated  with  a layer 
of  an  anti-static  agent.  The  chamber  should  be  made  of  a plastic  with  a 
conductive  coating  and  the  chamber  grounded. 

Recording  System 

The  current  and  voltage  characteristics  of  the  gaseous  discharge 
were  recorded  photographically  on  a Tektronix  7623  storage  oscillo- 
scope. The  voltage  rcross  the  spark  gap  was  determined  by  direct 
measurement  with  a Tektronix  F6013A,  1000X  attenuator,  voltage  probe. 
The  current  through  the  gap  was  determined  with  a Tektronix  CT-2 
current  transformer  or  by  measuring  the  voltage  drop  across  a 3.3  ohm 
resistor  in  series  with  the  gap.  The  instantaneous  current  was  taken 
as  V^/R,  where  Vr  was  the  instantaneous  potential  drop  across  the  3.3 
ohm  resistor,  R.  The  total  charge  flowing  through  the  gap  was  determined 
by  using  a Keithley  61 0C  electrometer  to  measure  the  final  voltage 
across  a one  microfarad  capacitor  in  series  with  the  gap.  (See  section 
of  results  entitled  Efficiency  of  Energy  Dissipated  in  the  Gap.) 
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Safety  Features 

The  apparatus  incorporated  several  safety  features  to  protect  the 
operator.  The  high-voltage  power  supply  was  connected  to  the  storage 
capacitor  by  means  or  the  high-voltage  double-pole,  double-throw  relay 
switch  (KIL.OVAC  KM- 15) . The  relay  switch  could  not  be  energized 
until  a series  of  switches  were  closed.  In  the  deenergized  (open) 
position,  the  relay  switch  shorted  to  ground  the  storage  capacitor  and 
the  approaching-electrode  assembly.  It  also  shorted  to  ground  any 
residual  voltage  which  may  have  remained  in  the  discharge  circuit 
after  the  discharge  operation  was  completed.  A momentary  and  a reset 
switch  were  in  series  in  the  coil  circuit  of  the  relay  switch.  The 
momentary  switch  was  connected  to  the  approaching-electrode  assembly 
and  was  closed  mechanically  by  it  only  when  the  assembly  was  cocked 
in  the  raised  position.  The  reset  switch  prevented  the  storage  capacitor 
from  being  charged  accidentally  when  the  electrode  was  in  the  raised 
position.  The  reset  switch  had  to  be  closed  manually  and  could  only 
function  after  all  the  other  switches  in  series  were  closed.  It  opened 
automatically  whenever  any  switch  was  opened  and  had  to  be  reclosed 
manually. 

In  the  proposed  design  for  the  Tri-Services,  the  door  of  the  firing 
chamber  should  be  provided  with  an  interlock  switch,  which  will  be 
connected  in  the  coil  circuit  of  the  relay  switch.  When  the  door  is 
opened,  the  relay  will  be  deenergized,  which  will  automatically  dis- 
connect the  high-voltage  power  supply  from  the  storage  capacitor  and 
short  to  ground  the  charged  capacitor  and  the  approaching-electrode 
assembly.  The  proposed  elect?  ical  circuit  is  shown  in  Figure  10. 
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Fig  10  Proposed  electrical  circuit 
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The  electrostatic-sensitivity  test  is  divided  into  two  parts.  Part  I, 
a screening  test  to  distinguish  between  primary,  booster,  or  main-charge 
explosives  and  Part  II,  an  optional  test  using  a more  intensive  procedure 
to  rank  or  compare  primary  explosives.  The  approaching-needle  apparatus 
in  Appendix  A is  used  for  all  the  tests.  The  unit  is  designed  to  provide  an 
electrostatic  discharge  at  any  voltage  up  to  5 kV  from  any  capacitance  from 
250  pF  to  0.01  mfd.  The  discharge  occurs  across  an  adjustable  gap.  Ex- 
plosives are  tested  confined  in  either  the  powder  or  granular  state.  The 
sensitivity  level  reported  is  the  highest  energy  level  at  which  no  reaction 
occurred  in  25  trials.  A reaction  is  indicated  by  a severed  confining 
tjpe,  whereas  no  reaction  is  evidenced  by  a punctured  but  otherwise 
intact  tape. 

In  Part  I,  the  test  materials  are  to  be  assessed  by  using  an  oscillatory 
discharge.  The  energy  for  this  test  was  fixed  at  0.020  J,  which  is  the 
charge  energy  that  an  ungrounded  person  can  accumulate  (Ref  4, 5) . 

However,  this  value  is  about  five  times  the  maximum  energy  that  an  un- 
grounded person  could  discharge  (Ref  6) . There  is  no  electrostatic 
distinction  between  booster  and  main-charge  explosives.  Those  materials 
which  are  ignited  at  the  0.02  J level  are  in  the  primary  explosive  cr^egory 
and  are  relatively  sensitive.  A further  study  is  recommended  according 
to  the  procedure  in  Part  II  to  determine  what  other  precautions  are  likely 
to  be  required.  Part  II  is  optional.  In  this  test,  primary  explosives  are 
to  be  assessed  using  oscillatory,  spark,  and  contact  discharges. 

Test  Procedure  - Part  I 

The  test  materials  shall  be  subjected  to  an  oscillatory  discharge. 

To  operate: 

J 

1 . Set  selector  switch  to  "secondary" . (This  connects  the 
0.002  mfd  capacitance  (high-capacitance  bank)  to  the  discharge  circuit 

and  shorts  the  low-capacitance  bank  to  ground.  ) 1 

X 

2.  Set  resistance  switch  to  "oscillatory"  discharge.  (No  ! 

series  resistance  is  connected  for  an  oscillatory  discharge,  whereas  : 

100  kfJ  resistance  is  connected  in  series  for  a spark  discharge.) 

i 

j : 
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3.  Set  electrode  spacing  (gap)  to  0.18  rrm  (0.007  inch) . This 
is  accomplished  in  the  dynamic  mode  because  the  gap  length  setting  is 
different  depending  on  whether  the  upper  electrode  is  depressed  dy- 
namically or  remains  static.  The  gap  is  set  by  adjusting  the  micrometer 
(attached  to  the  base  electrode)  until  the  electrodes  just  touch  when  the 
upper  electrode  is  depressed  dynamically.  A peak-reading  voltmeter 
and  a 6 V battery  or  equivalent  may  be  connected  between  the  two 
electrodes  to  aid  in  this  determination.  The  base  electrode  is  then 
lowered  0.18  mm  by  means  of  the  micrometer.  It  shall  be  necessary  to 
readjust  the  electrode  spacing  before  starting  a test  or  when  the  upper 
electrode  (needle)  is  replaced. 

4.  Place  sample  holder  containing  the  test  material,  prepared 
according  to  paragraph  "Sample  Preparation",  or.  the  base  electrode 
with  the  powder  directly  under  the  needle.  Raise  the  upper  electrode 
to  cocked  position  by  means  of  handle  "D".  Close  the  door  (door  must 
be  closed  to  engage  interlock) . 

5.  Turn  on  power  supply  and  adjust  voltage  control  to  4.5  kV. 

6.  Activate  reset  switch  to  charge  the  capacitor.  Adjust  power 
supply  until  the  electrostatic  voltmeter  reads  4.5  kV. 

7.  Pull  release  rod  "H"  to  release  the  approaching  electrode. 
The  charged  electrode  will  rapidly  move  downwards  to  the  preset  gap 
distance.  The  needle  will  puncture  the  tape,  penetrate  the  sample 
material,  discharge  through  the  interstices  of  the  material,  and  rise 
again  to  its  init'al  position.  (The  threshold  voltage  for  gap  breakdown 
will  determine  the  distance  at  which  the  needle  will  be  above  the  base 
electrode  when  the  discharge  occurs.) 

8.  Record  reaction  or  no  reaction.  A reaction  is  indicated  by  a 
severed  tape,  whereas  no  reaction  is  evidenced  by  a punctured  but 
otherwise  intact  tape. 

9.  Repeat  the  procedure  until  no  reaction  is  obtained  in  25 
consecutive  trials.  If  a reaction  is  obtained,  discontinue  »he  test  and 
record  that  explosive  falls  in  the  primary  category. 
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Qualification  Criterion 


An  explosive  shall  be  reported  to  have  passed  the  electrostatic 
sensitivity  test  and  to  be  acceptable  as  a booster  or  main-charge 
exp;  jsive  if  there  are  'o  reactions  in  the  25  consecutive  trials  at  the 
0. 02  J level  (0.002  mfd  capacitor  charged  to  4.  5 kV)  . 

Sample  Preparation 

Materials  are  normally  tested  dry,  in  either  the  powdered  or  the 
granular  state.  The  materials  shall  be  stored  in  desiccators  for  at 
least  24  hours  prior  to  test.  For  cast,  molded,  and  cured  extruded 
explosives,  it  shall  be  necessary  to  pulverize  the  cured  or  formed 
samples  in  a ball  mill . Explosives  containing  binders  or  solvents  or 
v/ith  curing  binders  shall  be  dried,  then  ground  in  a ball  mill  using  a 
dispersing  fluid  in  which  none  of  the  ingredients,  including  the  binder, 
are  soluble  and  finally  heated  to  constant  weight  at  65°C.  Since  some 
explosives  are  subjected  to  segregation  with  respect  to  particle  size  or 
components  of  mixture,  care  shall  be  exercised  to  insure  that  the 
material  actually  useu  constitutes  a representative  sample,  with  respect 
to  both  particle  size  distribution  and  composition. 

The  explosive  powder  shall  be  placed  in  the  sample  holder.  The 
sample  holder  shall  consist  of  a 0.  9 - 1 . 6 mm  thick  nylon  washer  (4.8 
mm  i.d.),  or  equivalent,  fastened  (double  adhesive  tape  may  be  used) 
to  the  top  of  a 19  mm  (3/4")  diameter,  flat  steel  disc  leaving  a space 
4.  3 mm  diameter  by  0. 9 to  1.6  mm  high  to  contain  the  explosive.  Electrical 
insulating  tape,  0.19  mm  thick,  shall  be  placed  over  the  explosive  opening 
to  confine  the  explosive  sample.  The  sample  holder  shall  then  be  placed 
on  the  base  electrode  with  the  powder  directly  under  the  needle. 

Electrode  Replacement 

The  needle  (upper  electrode)  shall  be  wiped  with  a "kimwipe",  or 
equivalent  absorbent  paper,  after  every  trial.  The  needle  shall  be  placed 
and  the  steel  sample  holder  shall  be  cleaned  and  polished  after  any  trial 
in  which  there  is  evidence  of  a reaction,  whenever  a test  of  a new  material 
is  started,  or  when  any  other  condition  dictates.  In  any  event,  the  number 
of  trials  prior  to  cleaning  should  not  exceed  ten.  Cleaning  is  done  using 
first.  No.  400,  then  No.  600  emery  cloth,  and  finally,  polishing  with  crocus 
cloth. 
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Relative  Humidity  * 

The  relative  humidity  shall  not  exceed  40%.  Humidity  shall  be  . 

determined  by  wet  and  dry  bulb  hygrometry  or  by  any  other  instrument 
of  equal  or  better  accuracy.  The  firing  chamber  of  the  tester  may  be 
maintained  at  the  required  humidity  by  continuously  passing  dry  air 
through  the  chamber. 

Test  Procedure  - Part  II  (Optional) 

The  test  material  shall  be  subjected  to  contact  discharge  as  well  as  to 
an  oscillatory  and  to  a spark  discharge.  The  oscillatory  and  the  spark 
discharge  tests  shall  be  as  follows: 

1.  Set  selector  switch  to  "primary".  (This  connects  the  bank 
of  low  capacitances  to  the  discharge  circuit  and  shorts  the  high  capaci- 
tance bank  to  ground . ) 

2.  Set  resistance  switch  to  "oscillatory"  or  "spark"  discharge.  x 

(No  series  resistance  is  connected  for  an  cillatory  discharge,  while 

a 100  k£2  resistance  is  connected  in  series  for  a spark  discharge.) 

i 

3.  Set  primary  capacitance  sv/itch  to  the  selected  capacitance; 

2.000,  1,000,  500,  or  250  pF,  for  oscillatory  discharge,  and  10,000 

5.000,  2.000,  1,000,  500,  or  250  pF,  for  spark  discharge.  The  starting 
capacitance  is  usually  the  largest  value  unless  a more  efficient  value 
based  on  experience  is  known. 

4.  Set  electrode  spacing  (gap)  to  0.18  mm  (0.007  in.).  This 
is  accomplished  in  the  dynamic  mode  since  the  gap  length  is  different 
depending  on  whether  the  upper  electrode  is  depressed  dynamically  or 
remains  static.  The  gap  is  set  by  adjusting  the  micrometer  (attached  to 
the  base  electrode)  until  the  electrodes  just  touch  when  the  upper 
electrode  is  depressed  dynamically.  A peak-reading  voltmeter  and  a 
6 V battery,  or  equivalent,  may  be  connected  between  the  two  electrodes 
to  aid  in  this  determination.  The  base  electrode  is  then  lowered  0.18  mm 
by  means  of  the  micrometer.  It  shall  be  necessary  to  readjust  the  electrode 
spacing  before  starting  a test  or  when  the  upper  electrode  (needle)  is 
replaced. 
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$.  Place  sample  holder  containing  the  test  material  (prepared 
according  to  paragraph  "Sample  Preparation"  in  Part  I)  on  the  base 
electrode  with  the  powder  directly  under  the  needle.  Raise  upper 
electrode  to  cocked  position  by  means  cf  handle  "D”.  Close  the  door. 
(Door  must  be  closed  to  engage  interlock.) 

6.  Turn  on  power  supply  and  adjust  voltage  control  for  desired 

voltage. 

7.  Activate  reset  switch  to  charge  the  capacitor.  Adjust  power 
supply  until  the  electrostatic  voltmeter  reads  the  selected  voltage.  The 
starting  voltage  is  4 kV  except  for  either  2,000  pF  capacitance  (oscillatory 
discharge)  or  for  10,000  pF  capacitance  (spark  discharge),  when  the 
voltage  is  to  be  set  at  4.5  or  5 kV,  respectively. 

8.  Pull  release  rod  "H"  to  release  the  approaching  electrode. 

The  charged  electrode  will  rapidly  move  downwards  to  the  preset  gap 
distance.  The  needle  will  puncture  the  tape,  penetrate  the  sample 
material,  discharge  through  the  interstices  of  the  material,  and  rise 
again  to  its  initial  position.  (The  threshold  vcltage  for  gap  breakdown 
will  determine  the  distance  at  which  the  needle  will  be  above  the  base 
electrode  when  the  discharge  occurs. ) 

9.  Record  reaction  or  no  reaction.  A reaction  is  indicated  by  a 
severed  tape,  whereas  no  reaction  is  evidenced  by  a punctured,  but 
otherwise  intact,  tape. 

10.  Repeat  the  procedure  until  no  reaction  is  obtained  in  25 
trials.  If  a reaction  is  obtained,  the  energy  is  reduced  by  decreasing 
the  potential  on  the  capacitor  in  500  V increments  and  the  above  pro- 
cedure repeated.  The  voltage  is  reduced  until  the  charging  voltage  is 
2500  V and  then  the  next  lower  capacitance  is  selected  by  means  of  the 
primary  capacitance  switch.  (Note:  Turn  off  the  oower  supply  before 
changing  capacitance.)  The  test  shall  be  conducted  for  both  oscillatory 
and  for  spark  discharges. 

11 . The  results  are  reported  as  "No  reaction  at J for 

oscillatory  discharge"  and  "No  reaction  at J for  spark  discharge" 

according  to  the  following  table. 
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Oscillatory  Discharge 


i 


Capacitance  (pF) 

2,000 

1,000 

500 


Capacitance  (pF) 
10,000 


Voltage  (V) 

4.500 

4.000 

3.500 

3.000 

2.500 

4.000 

3.500 

3.000 

2.500 

4.000 

3.500 

3.000 

2.000 


Spark  Discharge 


Voltage  (V) 

5.000 

4.500 

4.000 

3.500 

3.000 

7.500 


Approx,  delivered 
energy  (10* 7 J) 

200,000 

160,000 

120,000 

90.000 

62.000 

80,000 

60,000 

45.000 

31.000 

40.000 

30.000 

22.000 

15.000 

20.000 

15.000 

11.000 

7,500 


Approx,  delivered 
energy  (10~T  J) 

200,000 

150.000 

125.000 

100.000 

75.000 

50.000 


250  4. 000 

3,500 

3.000 

2.000 
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Spark  Discharge  (continued) 


) 


w 


l 


i 


Capacitance  (pF) 

5.000 

2.000 
1,000 

! 

500 

f 

i 

i 

i 

l 

250 


Approx,  delivered 

Voltage  (V) 

energy  (10*T  J) 

4,000  65,000 


3,500 

50,000 

3,000 

37.000 

2,500 

25.000 

4,000 

26.000 

3,500 

20,000 

3,000 

15,000 

2,500 

10.000 

4,000 

13.000 

3,500 

10.000 

3,000 

7,500 

2,500 

5,000 

4,000 

6,500 

3,500 

5,000 

3,000 

3,800 

2,500 

2.500 

4,000 

3,200 

3,500 

2.500 

3,000 

2.000 

2,500 

1.250 

12.  Conduct  another  series  of  tests  for  contact  discharge. 


13.  Set  resistance  switch  to  "oscillate  *y" . 

14.  Set  primary  capacitance  switch  to  the  selected  capacitance, 
1,000,  500,  or  250  pF. 

15.  With  the  upper  electrode  completely  depressed  dynamically, 
adjust  base  electrode  for  zero  gap  (electrodes  touching)  by  means  of 
the  micrometer.  It  shall  be  necessary  to  readjust  for  zero  gap  before 
starting  a test  or  when  the  upper  e'ectrode  (needie)  is  replaced. 
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16.  Repeat  steps  5 through  9 except  that  the  starting  voltage  is 
1 , 000  V and  discharge  is  obtained  only  upon  contact. 

17.  Repeat  procedure  until  no  reaction  is  obtained  in  25  trials. 

If  a reaction  is  obtained,  the  delivered  energy  is  reduced  by  decreasing 
the  potential  on  the  capacitor  from  1 , 000  V to  500  V to  250  V and/or 
changing  the  capacitance  to  the  next  lower  value.  {Note:  Turn  off 
the  power  supply  before  changing  capacitances.) 

18.  The  result  is  reported  as  "No  reaction  at J for  contact" 

according  to  the  following  table. 

Contact  Discharge 

Approx,  delivered 


Capacitance  (pF) 

Voltaqe  (V) 

energy  ( 

1,000 

1,000 

5,000 

500 

1,250 

250 

310 

500 

1,000 

2,500 

500 

625 

250 

150 

250 

1,000 

1,250 

500 

310 

250 

75 

Qualification  Criterion 

There  is  no  qualification  for  this  test.  The  test  results  shall 
be  reported  along  with  those  for  normal  lead  styphnate  and 
dextrinated  lead  azide  obtained  using  the  same  apparatus  and 
procedure  and  conducted  at  the  same  time. 

Sample  Preparation,  Electrode  Replacement,  and  Relative  Humidity 
See  Electrostatic  Sensitivity  - Part  I. 
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